Abstract-This study investigates the feasibility of using high-intensity pulsed therapeutic ultrasound, or histotripsy, to non-invasively generate lesions through the ribs. Histotripsy therapy mechanically ablates tissue through the generation of a cavitation bubble cloud, which occurs when the focal pressure exceeds a certain threshold. We hypothesize that histotripsy can generate precise lesions through the ribs without aberration correction if the main lobe retains its shape and exceeds the cavitation initiation threshold and the secondary lobes remain below the threshold. To test this hypothesis, a 750-kHz focused transducer was used to generate lesions in tissue-mimicking phantoms with and without the presence of rib aberrators. In all cases, 8000 pulses with 16 to 18 MPa peak rarefactional pressure at a repetition frequency of 100 Hz were applied without aberration correction. Despite the high secondary lobes introduced by the aberrators, high-speed imaging showed that bubble clouds were generated exclusively at the focus, resulting in well-confined lesions with comparable dimensions. Collateral damage from secondary lobes was negligible, caused by single bubbles that failed to form a cloud. These results support our hypothesis, suggesting that histotripsy has a high tolerance for aberrated fields and can generate confined focal lesions through rib obstacles without aberration correction.
I. Introduction T he effects of acoustic obstruction from rib bones have long been a challenge to researchers in high-intensity focused ultrasound (HIFU). In several non-invasive surgery applications, such as treatment for liver and pancreatic cancer, it is often the case that the available acoustic windows are partially blocked by the ribs, which can substantially decrease the ultrasound energy delivery to the focal target and may overheat overlying tissues because of the highly absorptive nature of bones [1] [2] [3] [4] . Furthermore, ribs can generate significant field aberration, resulting in increased secondary lobes and reduced main lobe intensities in the beam profile, which may cause undesired collateral damage.
To overcome these issues, considerable efforts have been dedicated to develop aberration correction algorithms to spare the ribs and improve beam forming. Theoretical studies on the application of virtual phased arrays to sonicate between the rib bones have been conducted [5] ; a physically segmented transducer design was also proposed to prevent sonication to the ribs by aligning active elements with the intercostal gaps [6] . more recently, adaptive focal optimization algorithms for transcostal therapy have been developed, depending on the presence of a point source or an identifiable acoustic spot at the desired focus [7] , [8] . more sophisticated non-invasive approaches using ultrasound scanning and time-reversal to identify the ribs [9] require transducers with transmit and receive capabilities. other non-invasive methods involve the use of computed tomography or magnetic resonance imaging [10] , [11] to image the rib obstructions and selectively deactivate elements shadowed by the rib bones.
Even if the ribs are spared, another potential issue is the formation of strong secondary lobes at the focal profile caused by the spatial distribution of the ribs. This focal splitting effect has been described and characterized more analytically in a recent study [12] , which shows that secondary lobes may still be present in the focal profile even after correction algorithms are applied because of the periodic ultrasound blockage pattern caused by the ribs.
This paper presents our investigation on the feasibility of using histotripsy therapy to generate lesions through rib aberrators without applying any correction mechanisms other than transducer power modulation to compensate for attenuation effects. Histotripsy uses controlled cavitation bubble clouds to induce mechanical tissue fractionation. The bubble clouds are produced by using short (<20 μs), high-pressure (peak rarefactional pressure >10 mPa) shockwave ultrasound pulses at a low duty cycle, typically <5% [13] [14] [15] , minimizing thermal effects [16] . based on the high echogenicity of cavitating bubble clouds, treatment can also be readily monitored in real time using any conventional ultrasound imaging system, allowing the operator to recognize whether cavitation bubble clouds have been generated.
The tissue fractionation effect from histotripsy therapy occurs when the focal pressure exceeds a certain threshold level at which a cavitation bubble cloud is initiated [17] [18] [19] . based on this threshold mechanism, we hypothesize that histotripsy therapy can generate precise lesions through the ribs, provided that the pressure main lobe maintains its shape and exceeds the bubble cloud initiation threshold and secondary lobes remain below the threshold (Fig. 1) . No bubble clouds are generated in regions that are below the initiation threshold, resulting in minimal collateral damage to regions surrounding the main lesion. manuscript received may 10, 2011; accepted august 28, 2011. This work is supported by NIH grants r01 Eb008998, r01 Eb007643, and r01 ca134579; NsF grant s10 rr022425; and The Hartwell Foundation.
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To test our hypothesis, histotripsy treatment was applied to tissue-mimicking gel phantoms in a free field and through rib aberrators at similar rarefactional focal pressures and identical treatment settings without using aberration correction. The bubble cloud generated was monitored for cases with and without the rib aberrators, and the resulting lesions were compared for overall dimensions and presence of collateral damage caused by secondary lobes.
II. materials and methods

A. Therapeutic Transducer
a 750-kHz, 18-channel spherically focused transducer (Imasonic, voray sur l'ognon, France) was used in this study. The transducer has a geometric focal length of 12 cm, with an aperture size of 15 cm (f/number 0.8) and a 5.9-cm-diameter center hole designed to accommodate an ultrasound imaging probe (not used in this study). all 18 elements were driven in phase through a custom-designed 18-channel switching amplifier unit with appropriate electrical matching circuits built in our laboratory. Input signal controls were provided by a field-programmable gate array (FPGa) board (altera corporation, san Jose, ca) that functioned as a custom signal generator.
B. Experimental Apparatus
a rib phantom made of polycarbonate rods was constructed to emulate acoustic aberration conditions typically caused by rib bones. The rods had a diameter of 13 mm and were separated by 25 to 30 mm, which are comparable to the sizes and intercostal separations in the human ribcage. In addition to the polycarbonate rib phantom, excised ribcage sections from adult pigs were also used for further validation. both the phantom and the rib sections were positioned between the transducer and its geometric focus inside a tank filled with degassed water. Porcine rib sections were immersed in a thin plastic bag with 0.9% saline, and then submerged in the tank. an illustration of the experiment setup is given in Fig. 2 . a high-sensitivity needle hydrophone (HNr-0500 onda corp., sunnyvale ca) was used to scan focal pressure profiles with and without the rib aberrators. Pressure profiles were obtained for each of the situations considered in this study: in a free field, with the rib phantom positioned at 8 and 4 cm from the focus, and with porcine ribs at 8 cm from the focus. at the focus, high-pressure shockwave measurements were conducted using a multimode fiber optic hydrophone system designed and built in-house [20] . based on these high-pressure measurements, the peak rarefactional pressure was controlled so that it would be approximately equal at the focus for all treatments.
C. Bubble Cloud Imaging
a high-speed, 1-megapixel ccd camera, (Phantom v210, vision research, Wayne, NJ) was used to capture images of bubble clouds in transparent 1% agarose gel phantoms with and without the rib aberrators. The camera was triggered through the same FPGa signal generator driving the transducer's amplifier system. Images of the bubble cloud were collected at a set delay of 12 μs after each pulse's arrival at the transducer's geometric focus, with one frame (1280 × 800 pixels) captured every 10 treatment pulses (800 frames captured per treatment). a back-lit setup was used with a halogen light source, intensified with Fresnel lens sheets. an adjustable camera lens (aF Nikkor 70 to 210 mm, f/number 4 to 5.6; Nikon, Tokyo, Japan) coupled with magnifying lenses allowed an image resolution of 40 pixels/mm. To achieve satisfactory background illumination through the gel phantom, frame exposure times were set at 4 μs.
D. Red Blood Cell Phantom Treatment
Tissue-mimicking red blood cell (rbc) agarose phantoms developed in our laboratory were used to assess the extent of the fractionation produced with and without the presence of the rib aberrators. The base composition of the gel phantom was made by mixing agarose power and saline (0.9%) at a ratio of 1% of agarose to saline by weight. structurally, the phantoms consisted of three layers, with the top and bottom layers (2 to 2.5 cm in thickness) acting as buffer zones between the water in the tank and the middle (rbc) layer (approximately 0.5 to 1.5 mm in thickness), in which canine rbcs (5% concentration by volume) were added. The phantom has been successfully used as an indicator of cavitational damage caused by histotripsy in tissue [21] . The opaque, intact rbc layer in the phantom becomes translucent once the cells in the layer are fractionated by cavitation [ Fig. 3(a) ]. The major advantage of using rbc phantoms over tissue is that Fig. 1 . Illustration of the cavitation threshold effect in histotripsy therapy: by modulating the acoustic power in such a way that only the main lobe exceeds the bubble cloud initiation threshold, confined focal lesions with minimal collateral damage should be generated at the treatment focus.
cell fractionation patterns caused by histotripsy treatment can be visualized directly in different planes without timeconsuming histopathological analysis.
Treatment was administered through the rib aberrators by driving the transducer in such a way that the peak rarefactional pressure at the focus was equivalent to that applied in free-field treatments. For each case, treatment pulses were applied at a pulse repetition frequency (PrF) of 100 Hz and 5 cycles per pulse. a total of 8000 pulses were applied per treatment (80 s) to ensure complete fractionation of the targeted volume. lesion profiles were created along the transversal and longitudinal focal planes by appropriately positioning the rbc layer at the focal zone. For transversal lesions, the rbc layer was positioned perpendicularly with respect to the axis of the transducer. longitudinal plane lesions were generated by positioning the rbc layer at the focus, parallel to the axis of the transducer. lesion sizes and collateral damage distribution were assessed with the aid of an image analysis script written in-house [22] . The script allows image binarization into fractionated and intact areas, with fractionated areas defined as zones with pixel intensities three standard deviations higher than the chosen background, typically the space-averaged intensity of pixels from a sample area on the intact blood layer. once the image is binarized, lesion dimensions are then estimated by a pixel count. For this study's purpose, the continuous translucent area extending from the center of the main lobe location was defined as the main lesion, and collateral damage was defined as the remaining damage spots found outside the main lesion [ Fig. 3(b) ]. 
III. results
A. Acoustic Pressure Profile
Without applying power compensation, the presence of the rib aberrators substantially reduced the peak rarefactional pressure amplitude at the focus in comparison to free-field measurements. Pressure insertion losses were approximately −5.5 db through the rib phantom and up to −7 db through the porcine ribs. High levels of secondary (grating) lobes were introduced in the focal profile along the transversal axis perpendicular to the orientation of the rib obstacles. No significant secondary lobe development was observed in the transversal axis parallel to the orientation of the obstacles or along the longitudinal axis of propagation. The highest secondary lobes were in the range of −7 to −4 db normalized to their respective main lobes; −7 db with porcine ribs and −4 db with the rib phantom positioned at 4 cm from the focus (Fig. 4) . The location of the secondary lobes varied from 5 to 8 mm with respect to the center of the main lobe, developing closer to the center when the rib obstacles were placed farther away from the transducer (closer to the focus).
In comparison to free-field measurements, the main lobe did not undergo any noticeable shift in the transversal or longitudinal coordinates in the presence of the rib phantom. In scans involving the porcine ribs, the main lobe was shifted closer toward the transducer by approximately 3 mm, but no significant transversal shifts were observed. despite the presence of high secondary lobes, the main lobe remained undistorted in all cases.
The measured minimum focal pressure threshold to initiate and maintain a cavitation bubble cloud in degassed water (40 to 45% dissolved o 2 ) under free-field conditions was approximately at a peak rarefactional pressure of 16 mPa and a peak compressional pressure of 60 mPa (with 5-cycle pulses delivered at a 100 Hz repetition rate). because of the significant insertion losses measured in the presence of the rib aberrators, the transducer power was appropriately increased to compensate for the attenuation and approximately equalize peak rarefactional pressure levels at the focus, which were within the range of 16 to 18 mPa (Fig. 5) .
B. Bubble Cloud Imaging
cavitation bubble clouds of comparable sizes were successfully developed at the focus in all cases, with and without the rib aberrators. In the initial stages of the treatment, large bubbles were observed to form at the location of the main lobe within the first few pulses. These cavitation bubbles eventually formed a larger cigar-shaped bubble cloud at the location of the main lobe as the gel was fractionated (Fig. 6 ).
In the presence of the rib obstacles, small cavitation nuclei were also observed near locations where the secondary lobes were the highest. However, as treatment progressed, these marginal bubbles did not become part of a cloud and were pushed away by radiation force, 
C. Lesion and Collateral Damage Analysis
lesions were successfully created at the focus of the transducer in all cases. a total of 87 lesions were created in rbc phantoms: 22 reference lesions were generated under free-field conditions, 45 lesions were created through the polycarbonate rib phantom, and 20 lesions were created through the porcine ribs. morphology of representative transversal plane lesions is shown in Fig. 7 . a circular main lesion was observed in all treatment cases, with collateral damage occurring in the form of a few sporadic points within a ring shaped zone around the main lesion area. In treatments through the rib aberrators, minor damage spots were observed at the locations where the secondary lobes were the highest, but no significant fractionation areas were observed outside the main lesion.
To evaluate the longitudinal plane lesion profiles, the rbc tissue phantom was positioned in such a way that the rbc layer was perpendicular with respect to the orientation of the rib obstacles to ensure that the layer coincided with the plane where the secondary lobes were present. a cigar shaped main lesion was created in all treatments, with incompletely fractionated areas in the form of thin damage streaks at the tail of the main lesion (Fig. 8) . lesions generated through the rib aberrators also displayed damage streaks on both sides of the main lesion, consistent with locations where the temporary marginal nuclei were observed during the high-speed camera imaging. However, as with the transversal plane treatments, no significant lesion development occurred outside the main lobe region.
In a more quantitative point of view, the focal lesion areas generated through the rib aberrators were comparable to within a standard deviation of the lesion areas created in a free field, although the mean lesion sizes generated through the aberrators were slightly smaller (Fig. 9) . considering mean lesion dimensions in both transversal and longitudinal planes, the largest lesions were generated in free-field conditions, whereas the smallest lesions were obtained through the porcine ribs.
The collateral damage created through the porcine ribs was minimal and not statistically significant in comparison to that observed in free-field lesions (transversal: N = 10, P-value = 0.92; longitudinal: N = 10, P-value = 0.7). Higher levels of collateral damage from marginal bubble nuclei were observed in lesions created through the rib phantom, particularly when the phantom was placed closer to the focus (at 4 cm).
In actual treatment scenarios, it is likely that a region larger than a single focal size will need to be ablated. lesions consisting of 5 focal spots separated by 1 mm were created by mechanically scanning the transducer to examine the feasibility of generating composite lesions through the ribs (Fig. 10) . as with the single-focus treatments, comparable fractionated areas were created in all cases; lesion development was well confined and limited to the focal zone, whereas collateral damage from secondary lobes consisted of thin streaks caused by the translation of marginal bubble nuclei.
Iv. discussion
The rib aberrators significantly distorted the focal profile in the form of increased secondary lobes at the expense of reduced main lobe intensities in comparison to free-field measurements. In this case, the formation of secondary lobes is primarily a consequence of the distribution of the solid bone obstacles in the ribs, which together act as an acoustically diffractive mask, effectively creating an aperture with active elements radiating from the intercostal separations between the solid obstacles. It has been shown theoretically [23] that although the relative location of these secondary lobes (in this case, grating lobes) may change depending on the spatial pattern of the distribution of the rib bones, the main lobe should remain relatively undistorted if a reasonably large transducer aperture is used. This is consistent with our measurements; the main lobe profile did not appear to be appreciably changed (except for attenuation effects) with the introduction of the rib aberrators. other forms of acoustic aberration may affect the beam profiles similarly [24] , so this method may be relevant to other situations in which acoustic aberration effects limit therapeutic options, e.g.: the skull.
We hypothesized that histotripsy therapy could be used to generate precise lesions through the ribs, as long as Fig. 9 . main lesion dimensions and collateral damage on the transversal and longitudinal plane lesions generated in a free field and through the rib aberrators. Error bars correspond to plus or minus one standard deviation for each data set. the focal main lobe maintains its shape and exceeds the cavitation cloud initiation threshold and the secondary lobes remain below the threshold. supporting our premise, cavitation bubble clouds of similar sizes were generated through the ribs, and despite the high secondary lobes introduced by the rib aberrators, the formation of a bubble cloud was limited to the main lobe, which was also the only location where a full lesion successfully developed. Temporary cavitation bubbles were observed to form at the locations of secondary lobes during the initial stages of treatment through the rib aberrators, but these bubbles did not form a cloud, eventually collapsing on their own, pushed away by radiation force. This is evidenced by the collateral damage patterns observed in the rbc phantoms, which consisted of peripheral spots or streaks not comparable to the central main lesion.
It is interesting to note that the secondary lobe levels measured through the porcine ribs were lower than those measured through the polycarbonate rib phantom. one plausible explanation is that the more uniform geometry of the phantom created better conditions for the formation of secondary lobes at the focal profile in comparison to the relatively randomly shaped and spaced porcine ribs. as a consequence, lesions created through the porcine ribs were more confined, presenting minimal collateral damage in comparison to lesions generated in the free field. In clinical applications requiring a larger volume to be ablated, lesions with multiple foci could be generated by mechanically sweeping the focus of the transducer (as shown in this paper) or by electronic focal steering if a phased array is used. For larger ablated regions, it is expected that the collateral damage caused by secondary lobes would become even less relevant relative to the total size of the lesion.
although the main lesion dimensions generated with and without the rib aberrators were comparable when using standard deviation ranges, the mean area of lesions obtained through the rib aberrators was smaller than freefield lesions-a result that may seem counter-intuitive because similar treatment parameters were used. It should be pointed out, however, that although all lesions were generated at comparable focal peak rarefactional pressure levels, (16 to 18 mPa) peak compressional pressures were observed to vary more significantly, with measurements differing by as much as 25 mPa in comparison with the free field. Peak rarefactional pressure measurements have been commonly reported in literature as thresholds for cavitation events [25] [26] [27] , but a recent study from our laboratory has shown evidence that peak compressional pressures (higher-pressure harmonics) play a significant role in the inception of a cavitation bubble cloud in the pulsed ultrasound regime used in histotripsy therapy [19] . It is possible that the attenuation of these higher-pressure harmonics may have affected the cavitation dynamics at the focus, resulting in the formation of smaller lesions in the presence of the rib aberrators. This correlates with the observation that the smallest lesions were generated through the porcine ribs and through the rib phantom positioned at 4 cm from the focus, which were also the configurations that most attenuated the focal peak compressional pressure levels.
From this perspective, it is noticeable that the peak compressional pressure measured through the porcine ribs was considerably lower than its counterparts in the free field and through the polycarbonate rib phantom (up to 35%), but no comparable reduction in the sizes of the bubble clouds or lesions were observed. In this particular case, the peak compressional pressure may have been underestimated because the focal pressure measurements were taken at the geometric focus of the transducer. as previously noted, the porcine ribs introduced a small axial shift (3 mm) in the focal profile. because the higher harmonic components of a shockwave have much tighter focusing characteristics than the fundamental, the focal shift may have significantly lowered the peak compressional pressure amplitude measured at the geometric focus of the transducer.
although cavitation threshold pressures cannot be easily measured in vivo, histotripsy therapy at or near bubble cloud threshold levels is still feasible because cavitation bubble clouds can be readily monitored using conventional ultrasound imagers, allowing the operator to be aware of when and where the threshold has been reached anywhere within a given region of interest. In an in vivo scenario, the operator would start the treatment from low acoustic power settings and gradually increase power levels until a cavitation bubble cloud is imaged at the focal spot. once a bubble cloud is created at the focus, treatment could then proceed at that level, confining the bubble cloud to the location of the main lobe and preventing secondary lobes from reaching the cavitation threshold. This provides direct imaging feedback to validate the location of the tissue ablating bubble cloud.
In addition, because cavitation bubble clouds can be initiated at arbitrarily low duty cycles-even single pulses-as long as enough pressure is available at the focus, the likelihood of inducing thermal effects in overlying tissues can be drastically reduced with the pulsed ultrasound parameters used in histotripsy therapy. In this study, for example, the effective sonication duty cycle applied to achieve a bubble cloud was less than 0.07% in all treatments, which is virtually negligible in terms of HIFU therapy standards. This could potentially allow transcostal therapy to be performed by simple single-element transducers with minimal thermal effects on the ribs, without requiring phased-array designs to sonicate between the intercostal spaces. Thus, with a sufficiently powerful transducer, compensation of the main lobe pressure to counteract attenuation could be accomplished without significant thermal consequences to overlying tissues at the expense of reduced duty cycle, and perhaps, treatment time.
although in this study histotripsy therapy was applied to create lesions through rib obstacles without any compensation methods other than power modulation, aberration correction mechanisms may be beneficial to help improve focusing and increase treatment efficiency, especially when severe phase aberration is present. Potential sources of phase aberration are multiple layers of thick inhomogeneous tissue, which could significantly distort the main lobe and prevent the initiation of a cavitation bubble cloud at the focus. because it is only necessary to move the peak pressure of the focal main lobe beyond the bubble cloud cavitation threshold and above all secondary lobes, relatively coarse aberration correction schemes could potentially be applied to appropriately accentuate the main lobe, if necessary. Future studies will explore how such inhomogeneous tissue may affect histotripsy therapy, followed by an investigation of possible methods to circumvent aberration effects and improve the efficacy of the treatment.
v. conclusions
This study evaluated the feasibility of using histotripsy therapy to generate lesions through rib obstacles without using aberration correction mechanisms. We hypothesized that precise lesions can be generated through ribs by histotripsy therapy without aberration correction as long as the pressure main lobe maintains its shape and exceeds the cavitation cloud initiation threshold and secondary lobes remain below the threshold.
The rib aberrators significantly attenuated the peak focal pressure and introduced high secondary lobes in the focal profile. Treatment was conducted by adjusting the input voltage of the transducer such that the peak rarefactional pressures at the focus were at levels similar to free-field conditions. despite the presence of significant secondary lobes, cavitation bubble clouds were observed to develop exclusively at the main lobe locations, resulting in lesions that were comparable in size to those created under free-field conditions. collateral damage from secondary lobes was limited to damage spots caused by temporary cavitation bubbles that failed to form a cloud.
The threshold nature of the bubble cloud initiation in histotripsy therapy appears to confer a high degree of robustness to the bubble cloud shape in the presence of secondary lobes introduced by rib aberrators. This characteristic, coupled with the non-thermal nature of the treatment, suggest that histotripsy therapy could be a useful non-invasive tissue ablation modality for transcostal surgical applications such as treatment for hepatic and pancreatic cancer, or for cardiac ablation procedures.
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